PHYSICAL REVIEW APPLIED 11, 024047 (2019)

Temperature-Dependent Minority-Carrier Mobility in p-Type InAs/GaSb
Type-1I-Superlattice Photodetectors

Z. Taghipour,'>" S. Lee,?> S.A. Myers, E.H. Steenbergen,* C.P. Morath,* V.M. Cowan,* S. Mathews,’

G. Balakrishnan,® and S. Krishna? '

' Center for High Technology Materials, University of New Mexico, New Mexico 87106, USA
2Department of Electrical and Computer Engineering, The Ohio State University, Ohio 43210, USA
*SK Infrared LLC, Columbus, Ohio 43210, USA
* dir Force Research Laboratory, Kirtland Air Force Base, New Mexico 87108, USA
5Department of Electrical and Computer Engineering, University of New Mexico, New Mexico 87106, USA

™ (Received 18 July 2018; revised manuscript received 15 December 2018; published 19 February 2019)

Infrared (IR) detectors and focal-plane arrays based on superlattices have progressed significantly
during the past decade. However, there are still fundamental challenges associated with this system, espe-
cially in understanding the transport of minority carriers due to the anisotropy in the band structure and
the quantum-confined miniband transport. In this paper, we investigate the key parameters influencing
the vertical minority-electron transport and lifetime in nBp midwave infrared (MWIR) detectors with a
p-type InAs/GaSb type-II-superlattice (T2SL) absorber. We measure the minority carrier diffusion length
using the temperature-dependent electron-beam-induced-current (EBIC) method at three electron-beam
(e-beam) energies. Our results show that the diffusion length is independent of the temperature from 80
to 140 K and increases linearly beyond that. By varying the e-beam energies and the beam current in
EBIC, we examine the effect of carrier distributions from the surface in our measurement. We further
study the minority-carrier lifetime using the time-resolved-microwave-reflectance (TMR) measurement
as a function of the temperature and the excitation density. The TMR results indicate that the lifetime
is Shockley-Read-Hall (SRH) limited for the temperature range of interest in this work (80—150 K) and
the Auger recombination is dominant above 150 K, while the radiative recombination is negligible. The
combined results of the diffusion length and the lifetime are used to determine the temperature-dependent
mobility along the growth direction. The transport is found to be limited by deep-level states for tempera-
tures below 140 K and the activation energy of 115 meV is calculated from the minority-carrier mobility
results for temperatures above 140 K. This effort is a theoretical and experimental study to address some
of the essential questions regarding the transport in InAs/GaSb T2SLs, the result of which would help

optimize the design and growth of T2SL structures with improved performance.
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I. INTRODUCTION

The past decade has witnessed a dramatic improvement
in the performance of infrared detectors and focal-plane
arrays (FPAs) based on type-II superlattices [1]. There
are reports of commercial infrared cameras based on anti-
monide superlattices [2,3]. However, there is still a lack of
understanding of the transport of carriers in this material
system. The complications arise from the fact that the con-
duction properties of superlattices are highly anisotropic
due to the quasi-two-dimensional-(2D-)three-dimensional
(3D) nature of the density of states. This anisotropy is
imposed by the degree of quantum confinement as a result
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of numerous repeats of a few nanometer-thick alternate
layers of InAs and GaSb and the type-II band alignment
[4]. The highly anisotropic nature of the band struc-
ture and the modified density of states leads to transport
that is very different from bulk-isotropic systems such
as InSb and (Hg,Cd)Te, which has been the traditional
workhorse material for the infrared-detector community
[5]. To improve the performance of photodiodes based on
the narrow-band-gap T2SL materials, knowledge of the
minority-carrier transport and its limitations is necessary.
The work in this paper is centered around understand-
ing the transport of carriers using the measurement of the
minority-carrier diffusion length and lifetime.

In general, the drift and diffusion of excess electrons and
holes, defined via the ambipolar mobility u or the diffusion
coefficient D, are used to explain the transport behavior of
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excess carriers generated in a semiconductor device. It is
not always known to what extent both diffusion and drift
are involved in charge movements, unless we know that
only one of these mechanisms prevails. The carrier drift
mobility and diffusion coefficient are related through the
Einstein relation as

kpT,
p=-=E (1)
q

where kp is Planck’s constant, 7'is the temperature, and g is
the fundamental charge of an electron. This relation is valid
under the thermal-equilibrium condition [6]. Nevertheless,
it can be used as an approximation to extract the drift
mobility, if the diffusion coefficient is known. Diffusion is
further dependent on an average distance that the relevant
charge moves in the semiconductor before its recombina-
tion and/or extraction from it and hence is related to the
minority-carrier diffusion length (Lyc) and the minority-
carrier lifetime (typc) through Lyc = o/Dtyce. So, if one
performs an independent lifetime characterization along
with the diffusion-length measurement, the diffusion coef-
ficient and, subsequently, the carrier mobility can be
determined.

Superlattice vertical transport properties are typically
interrogated using vertical magnetotransport measurement
[7], the ultrafast all-optical time-of-flight technique [8], or
the e-beam-induced-microscopy method [9—12]. Among
previous studies, there are few available experimental
transport data on p-type T2SL photodetectors. One study,
by Li et al., reports on the diffusion length of minority elec-
trons in a long-wave infrared (LWIR) p-i-n T2SL structure
and extracts the minority-carrier lifetime using previously
reported mobility values [9]. Umana-Membreno ef al. have
investigated the vertical minority-electron mobility in a
LWIR T2SL structure using the magnetotransport method
[7]. Transport in p-type midwave infrared (MWIR) T2SL
structures has also been reported through the applica-
tion of the quantum-efficiency modeling technique [13]
and as a means of investigation of the gamma-irradiation
effect [12].

Short carrier lifetimes in T2SLs, limited by Shockley-
Read-Hall (SRH) centers, mandate the use of barrier
architectures for operation at elevated temperatures [14].
Therefore, photodetector architectures utilizing wide-
band-gap barriers are the current state of the art, due to
their higher collection efficiency of photogenerated carri-
ers and reduced dark-current generation without inhibiting
photocurrent [15,16]. Among barrier architectures, nBn
vertical photoconductors with n-type absorbers and elec-
tron barriers have shown much promise due to their low
thermal generation and surface leakage about the junction
[17]. In the nBp variant of this design, used for this study,
the n-type absorber is replaced by a p-doped layer and the
electron barrier is replaced with a hole barrier. Unlike the

nBn, in which the operation is similar to a photoconduc-
tor that requires an applied bias, the nBp is a photodiode
with a built-in potential that can operate with zero applied
bias [18,19].

In this work, we undertake a comprehensive study to
extract the critical transport parameters and minority life-
time in a nBp MWIR detector with a p-type ten-monolayer
(10 ML) InAs/10 ML GaSb T2SL absorber. We study
the temperature- and excess-density-dependence of the
minority-carrier lifetime using time-resolved-microwave-
reflectance (TMR) measurements. We also investigate the
contributions of the various recombination mechanisms,
such as SRH, radiative, and Auger recombination, as a
function of the temperature and the excess carrier density
to provide greater insight into the nonequilibrium carrier
dynamics in the photodetector. Furthermore, we use the
electron-beam-induced-current (EBIC) method to measure
the carrier diffusion length on the processed T2SL pho-
todetector sample. Finally, we extract the minority-carrier
mobility in the growth direction using the results for Lyic
and 7y as a function of the temperature.

The proposed study seeks to be among the continu-
ing efforts to improve T2SL IR detectors performance
by gaining a physical insight into these materials. Ulti-
mately, the results can be used to optimize the design and
growth of T2SL structures with improved transport, which
in turn will lead to the realization of IR photodetectors with
enhanced performance.

This paper is organized as follows. Section II reviews
the sample design used for this work. Section III
presents the experimental approach used for measuring the
minority-carrier lifetime and the analytical modeling to
study the limiting mechanism in the carrier recombination
as a function of the temperature and the excess density.
Section IV discusses the experimental details of the EBIC
measurement and the semiparametric modeling technique
used for extracting the diffusion length. Section V summa-
rizes the critical observations and discusses the minority-
carrier mobility as a function of the temperature. Finally,
Sec. VI concludes with the main observation points.

II. SAMPLE AND METHOD

The nBp MWIR T2SL structure is grown by solid-
source molecular-beam epitaxy on a tellurium-doped
GaSb(001) epiready substrate. The epistructure consists
of a 250-nm nonintentionally doped GaSb buffer layer,
followed by a 1.5-um-thick p-doped (5 x 10!7 cm™3) bot-
tom contact layer. The absorber consists of a 4-um-thick
p-doped (5 x 10'® cm™3) layer. Both the bottom contact
and the absorber are composed of a 10 ML InAs/10 ML
GaSb T2SL with a band gap of 0.250 eV at 77 K. A 250-
nm-thick lightly n-doped (5 x 10'> cm™3) hole barrier with
a band gap of 0.5 eV composed of a 12 ML InAs/6 ML
AISb T2SL is then grown. Lastly, the growth is followed
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FIG. 1. The relative band gap of the nBp InAs/GaSb T2SL

photodetector, showing the thickness of each constituent layer.
The band gaps are calculated from the simulation of Naval
Research Laboratory NRL MULTIBANDS® software at 77 K. The
layer thicknesses are not drawn to scale.

by a 200-nm-thick n-doped (5 x 10!7 cm™3) top contact
layer with a band gap of 0.350 eV, composed of a 5 ML
InAs/4 ML GaSb T2SL. The band-edge energy diagram is
illustrated in Fig. 1.

The epilayer is then processed into variable-area single-
pixel devices using standard fabrication techniques. The
shallow-etch scheme is incorporated during device fab-
rication such that the pixel mesas are defined down to
the wide-band-gap material and not to the bottom contact
layer. These pixels are then metalized, wire-bonded, and
packaged for further electrical characterizations.

In order to extract information about the minority-carrier
mobility (u.) in this sample, we use the Einstein relation,
written in terms of the minority diffusion length L. and the
minority-carrier lifetime t, as

_a L

= ) 2
kBT Te ( )

e
We measure 7, and L, using TMR and EBIC, respec-
tively. The following section will review the experimen-
tal details and theoretical platform used to extract the

minority-carrier lifetime and investigate various limiting
recombination mechanisms.

III. LIFETIME CHARACTERIZATION

A. Experimental measurement

The lifetime measurement setup based on TMR utilizes
a pulsed laser to excite electron-hole pairs in the semicon-
ductor material. The generation of excess charges and the
subsequent recombination processes alter the conductivity,
which in turn changes the reflection of continuous-wave
microwave radiation from the sample. By temporally mon-
itoring the power of the reflected microwave signal after
optical excitation, one can extract the recombination rate
and hence estimate the carrier’s lifetime.

For this work, we use a 1535-nm pulsed laser with about
a 5-ns full-width-at-half-maximum pulse width, a 2.5-kHz
repetition rate, and a beam-spot-size diameter of 0.1 cm
to inject the excess carriers. A micro-electromechanical-
(MEMs-) based modulator is used to adjust the excita-
tion fluence from 0.5 to 74 wJ cm~2. The reflected TMR
signal is then amplified using a preamplifier with a 200
MHz bandwidth and detected using a high-resolution (12-
bit) and high-speed [10 GS/s (gigasamples per second)]
digitizer.

We etch an unprocessed portion of the T2SL photodetec-
tor wafer down to the absorber layer to accurately measure
the nonequilibrium carrier dynamics without the effects of
the contact and barrier layers. The sample is then mounted
in a cryostat coupled with a temperature controller and
the lifetime characterization is repeated for temperatures
between 20 K and room temperature. In order to estimate
the injected carrier density in the sample, the absorp-
tion coefficient is calculated using previously reported
value of a 3500-nm penetration depth for the same optical
excitation energy in a similar superlattice material [20].

Figure 2 shows the obtained results for a subset of
injected carrier densities and temperatures. The results
indicate an initial decay during the first 200 ns following
the generation of excess carriers. In addition, a secondary
decay is observed for temperatures up to 200 K for exci-
tation levels above 1.0 x 107 cm~ and up to 150 K for
the lower excitation levels, and becomes less distinctive
as the incident pump fluence or the initial excess car-
rier is decreased. The first decay is associated with the
recombination of carriers upon generation, whereas the
secondary decay is not usually observed and its origin is
unknown to us. While further investigation is currently
under way regarding this observation, we hypothesize that
this secondary decay might be due to the presence of
defects and is originated through the band-to-deep-level-
state recombination.

For the purpose of this work, we focus on the first decay
to extract the minority-carrier lifetime. We have used
analytical modeling to determine the experimental recom-
bination lifetime. The results of the intensity-dependent
time-resolved microwave measurements (Fig. 2) are used
to calculate the recombination rate per electron-hole pair
as in Ref. [21]:

1 dAn 1 dAndS
R = — [ 3
W= a T Ands a’ 3)

where S is the microwave signal in the TMR measure-
ment. The results of 1/R(n) give the instantaneous lifetime
as a function of the excess carrier density at each tem-
perature and when it is fitted to the theoretical lifetime
model, the minority-carrier lifetime can be extracted for
each temperature. In this approach, the contributions of
various recombination mechanisms—i.e., SRH, radiative,

024047-3



Taghipour et al. PHYS. REV. APPLIED 11, 024047 (2019)
10 —————— 3 10'g . —— 101
u 10! . ] F 10! " . ] F
~ 1.20x 10'° em =3 ] T=80K
§ — 8.72x10"% ecm™3 T
: 100 [, — 3:49%107cm™3 | ] 1 15t 100k I
7 107! 1 ] i i
o ]
% ) ) p
% 00 005 0.10 0.15 101 10-1
5
=
1072 1072
10! ¢ , T T 10! ¢ T T
F 10! . . F 10! - -
§ T=180K T=220K
— I I 100 100k
?o 107k 100 i 100} ]
()
2 10
—
.S
=
-2 L 1 L 1 L -2 L 1 1 L
10 0 1 2 3 10 0 1 2 3
Time (Us) Time (us) Time (us)

FIG. 2. Time-resolved microwave-reflectance decays are shown for various initial optically generated carrier densities and sample
temperatures in the MWIR InAs/GaSb T2SL absorber. The arrows highlight two primary decays. We attribute the first faster decay
to the recombination of the minority carriers, which occurs during the first few tens of nanoseconds (inset); the second decay is not

usually observed and is currently under investigation.

and Auger recombination—to the total lifetime are deter-
mined separately as functions of the temperature and the
carrier density.

The common parameters used throughout this analysis
are the equilibrium electron (ny) and hole (py) concen-
trations, the energy gap (E,), Boltzmann’s constant (kg),
the temperature (7), and the effective electron (m.) and
hole (m;) masses. We determine the energy gap from pho-
toluminescence (PL) spectra of the T2SL absorber as a
function of the temperature. Figure 3 shows measured PL
spectra for the T2SL absorber for temperatures between 20
and 300 K. The temperature dependence of the band gap,
along with the Varshni fitting, is presented in the inset.

B. The theoretical model to calculate the lifetime

The bulk recombination lifetime is determined by the
SRH-, radiative-, and Auger-recombination mechanisms
as

-1 _ -1 -1 -1
T = TSrRH + Trad + TAuger'

“)

We summarize the main expressions for each of these
recombination processes in the following.

C. The Shockley-Read-Hall lifetime

The SRH lifetime is due to recombination of the
electron-hole pairs through deep-level impurities or traps,
with excess energy carried away by lattice vibrations or
phonons. It can be characterized by the defect density MV,
the SRH-defect energy levels E;, and the electron- and
hole-defect capture cross sections o, and o,,, respectively,
as [22]

ol no +po + An
SR 10 (o 4+ m + An) + 5, (po + p1 + Ap)

©)

Here, An and Ap are the excess carrier densities, taken to
be equal in the absence of trapping [23], and ny, p1, Ty,
and 7, are defined as follows:

Et —Ec Ev _Et
> pl :Nv eXp 5
kT kT

(6)

n; = N.exp (
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FIG. 3. The measured photoluminescence spectra of the T2SL
absorber and the peak PL energy (inset, black circles) as a func-
tion of the temperature. The dashed line shows the Varshni fit
with parameters « = 0.24 meV/K and 8 = 270 K.

and

1 1
ny — ) = , 7
tro 0, U, N, Tro o, v, N; )

where v, and v, are the electron and hole thermal
velocities.

Equation (5) describes the density dependence of SRH
recombination, and for a p-type material, i.e., pg > ng, can
be further simplified for low-level injection (LL) (An <
po) and high-level (HL) injection (An > p) conditions as

n
tsrit(LL) = 1y + (1 +‘1) T
Po Po

for ny, p1 < po, (8)

= r}’loa
and
TSRH(HL) = Tpo + Tnoa (9)

which indicates that the SRH lifetime for p-type material
is limited by the minority-electron-recombination lifetime
7,, for the LL injection regime and is the sum of both
carriers’ lifetimes for the HL-injection regime.

D. The radiative lifetime

The radiative lifetime is associated with the band-to-
band recombination of electron-hole-pairs, in which the

resultant energy is released as photons. The radiative
lifetime can be calculated as [24]

Tod = B(no + po + An), (10)
where B is the radiative-recombination coefficient deter-
mined by the superlattice band structure and is related to
the microscopic radiative coefficient (B,) using the photon-
recycling factor (B, = B®). Photon recycling trends to
unity for thin samples. However, as the thickness of the
active layer increases, the contribution of self-absorption
followed by electron-hole generation and radiative recom-
bination must be taken into account, which leads to ® >
1[25].

Under LL- and HL-injection conditions, Eq. (10) for a
p-type material can be written as

1 1
LL) = — HL) = —. 11
Trad(LL) Bpo ,  Trad(HL) BAn (11)
E. The Auger lifetime

The Auger lifetime is a three-carrier process in which
an electron-hole-pair recombine and a third carrier absorbs
their recombination energy. Depending on the third carrier
being either a conduction-band electron or a valence-band
hole, the Auger-recombination rate is either proportional
to n’p [for the electron-electron-hole (eeh) process] or to
p*n [for the electron-hole-hole (ehh) process]. The Auger
lifetime can be calculated as [24]

T,;ulger = Cy(no + An)(ng + po + An)

+ Cy(po + An)(ng + po + An), (12)
where C, and C, are the Auger coefficients of the eeh
process and the ehh process, respectively. Generally, the
eeh process is the dominant Auger-recombination mech-
anism in n-type materials, while for the p-type materials,
the hole-dominated eh/ process involving two holes and
an electron should also be considered in addition to the
eeh process. In the limiting cases of LL- and HL-injection
conditions, Eq. (12) leads to

1
TAuger(LL) = Cpp02 5

Tauger(HL) = m~

(13)

As can be seen, under LL conditions, Taugr is injec-
tion independent and its magnitude is proportional to the
inverse square of the doping concentration, whereas under
hl conditions, Tauer decreases as the injection density
increases and its magnitude is independent of the doping
concentration.

Auger recombination is a strong function of the mate-
rial’s electronic structure and in the case of the super-
lattices with highly nonparabolic energy bands requires
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significant computational resources, which has limited
accurate comparison between the experiment and the theo-
retical calculation. Precise determination of the Auger rate
is beyond the scope of the present work and it will suffice
to use the analytical expressions by Beattie, Landsberg,
and Blakemore (BLB) [26] to obtain an estimate of the
temperature-dependent Auger lifetime. For this purpose,
the temperature dependence of the ek process for a p-type
material can be written as [27]

1 1 1

- —+—, (14)
TAuger Teeh Tehh
where the expressions for re;,i is as follows:
1 (no+pono,_;
p= ()" (15)

eeh — 27’12
i

Here, 7/, is calculated as [28]

. ‘ 1+2 E
Ty = Toop (T — 00) X exp [( 1_:_ :) <ﬁ>i| , (16)
B

where feieh(T — o0) is unknown and used as a fitting

parameter. Similarly to réeh, the corresponding relation for

the ehh process is given by

~1_ (no+ po)po

i1
= T , 17
ehh 2 (Tenn) (17)

where 7/, can be calculated using the ratio

rier density determined from the intensity-dependent TMR
measurements are fitted to the total lifetime using Eqgs. (4),
(5), (10), and (12) as
-1 _ Po + An
Tg (AN) + Ty (o + An)

+ B(po + An) + C, (po + An). (19)

Figure 4 shows the data (circles) for representative tem-
peratures, compared with the overall fit (solid curve). As
Tauger Shows a stronger dependence on the injection level
than 7.4, Auger recombination becomes dominant and
the contribution of radiative recombination is relatively
too small to reliably estimate the radiative coefficient B.
Therefore, we fit the lifetime using 7,, 7,, and C, as the
fitting parameters, neglecting the radiative-recombination
process.

The best fits are obtained for C, values of 5.1 x

10728 cm®/s at 20 K and 3.2 x 10728 cm®/s at 300 K.
Previous studies have reported Auger coefficients equal to
1.0 x 10728 cm®/s at 60 K [29] and 1.3 x 107?7 cm®/s
[30]and 1.1 x 10727 cm®/s at 77 K [31] in Ga-containing
superlattices. Furthermore, the results indicate that 7, is
lower than 7, for temperatures above 50 K and that both
decrease gradually with temperature.

Based on Fig. 4, under all the operating tempera-
tures, the low-injection portion of Ty, is dominated by
SRH recombination, while in the higher-injection regime
(> 1.0 x 10'7 cm™%), the Auger contribution is most
significant.

For analysis of the temperature-dependent lifetime, the
extracted fitting parameters 7,0 and C, from above at each

G 1" 18 temperature are used to measure the minority-carrier life-
v = C_,, - Tl_h (18) time, under the assumption of a LL-injection condition,
“ using

Considering a p-type material, the data of experimental : . 5
recombination lifetime 1/R(n) as a function of the car- e = To T Gopg- (20)
~ 20K 30K \120 K 2§0 K
\5 ~\\ \‘\ \\\ Tsru N
= AN AN AN Lol AN
+~ N S, AN N
& ™ AN R * e X
A \\\ v—‘\.\.\;\; \\\ \\,
= N J
810t} e 10'E 110" 101} R¥
bl .
= . . . .
O 10 10! 10° 10! 10° 10! 10° 10!

Excess Carrier Density (1x10'6 cm3)

FIG. 4. The measured minority-carrier lifetime as a function of the excess carrier density for a representative subset of temperatures,
along with the calculated SRH and Auger-lifetime components. The total lifetime, shown as the solid curve, is the best fit for the
measured lifetime to extract different fitting parameters. The radiative-lifetime component has a negligible effect on the total lifetime

and is not shown.
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Having tyic values at each measured temperature, we fit
the experimental data for temperatures ranging from 20
to 250 K to the theory based on Egs. (4), (5), and (14),
using E;, 0,N;, po, t;eh(T — 00), and y as fitting param-
eters. For simplicity, we assume o, and o, to be equal
(=0) and use the effective masses that we obtain using the
Naval Research Laboratory NRL MULTIBANDS® software
[32]: m, = 0.034mg and m;, = 0.132my.

The best-fitting parameters are found to be
E,=5meV,oN,=24cm™ !, py =1.0 x 107 cm~3, and
!, (T — 00) = 9.0 x 10712 s7! and y is found to be 18.
When the background doping concentration of pg = 5.0 x
10'® cm~3 from the growth calibration is used as an input
in the model, a similar fit is achieved with minor adjust-
ment to all the fitting parameters except for £; and y, which
change to 9 meV and 5, respectively.

Figure 5 shows the minority-carrier lifetime as a
function of the temperature. The results indicate that the
lifetime is SRH limited for 80 to 150 K, while Auger
recombination is dominant above 150 K. Due to the large
doping of the sample, the radiative transition is limited and
Auger recombination is leading.

Although the lifetime and the extracted fitting parame-
ters in this work are in close agreement with the previously
reported results [20,29,33], It would be helpful to summa-
rize the anticipated sources of error in our measurement,
which might pose some uncertainty with regard to the
estimated carrier density and hence the extracted lifetime.
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FIG. 5. The temperature-dependent measured minority-carrier

lifetimes (black circles), compared to the low-injection-level
SRH and Auger-lifetime components. The solid curve is the best
fit for the total lifetime to extract different fitting parameters.

There is a lateral gradient in the Gaussian beam profile
of the laser illuminated on the sample, which may cause
nonuniform injection. Also, there are possible losses in
the measurement system, for example, due to the cryostat
windows, etc. In addition to possible errors in the deter-
mination of the carrier density, the lifetime measurement
has a limitation error if time is measured on the order of
the minimum response time of the system. Furthermore,
the parameters extracted from the fitting procedure are
not unique. Therefore, one needs to carefully consider the
uncertainty in the fitting procedure in the analysis of the
lifetime results.

Having the minority-carrier lifetime as a function of the
temperature, the minority-carrier mobility can be calcu-
lated versus the temperature, provided that the minority-
carrier diffusion length is known. In the following, we
utilize EBIC to estimate L, and, consequently, we calculate
the mobility using Eq. (2).

IV. THE DIFFUSION LENGTH

A. EBIC measurement

In EBIC, a beam of high-energy electrons is scanned
across a sample containing a p-n junction or a Schot-
tky junction. The beam generates charge carriers through
inelastic collisions with the crystal’s lattice. The electron-
hole pairs diffuse to the junction and are then swept across
the depletion region and collected externally through the
contacts and measured by a sensitive current amplifier.
The result is a spatially resolved map of the sample’s cur-
rent and, when accompanied by analytical models [34],
it can be used to determine various transport proper-
ties, including the diffusion length. To study the trans-
port characteristics along the growth direction with EBIC,
the “normal-collector geometry” configuration is used, in
which the plane of the collecting p-n junction is per-
pendicular to the irradiated surface. For this purpose, the
processed sample is cleaved to expose the side walls of the
devices. This step is facilitated by reducing the thickness of
the substrate before cleaving to achieve a smooth side wall.
The prepared devices are wire bonded and mounted on a
variable-temperature cold stage cooled by liquid nitrogen
inside a JSM-IT100 SEM.

As a result of the e-beam incidence on the side wall
of the device at any distance away from the p-n junc-
tion, a volume of electron-hole pairs is generated in the
sample. Under // injection, carriers will undergo diffusion-
based motion across the illuminated region toward the
p-n junction and contribute to the total current induced
in the junction. The diffusion of minority electrons will
dominate the current, since the wide-band-gap hole-barrier
layer is engineered to block the flow of majority holes.
The electron-induced current at various e-beam positions
with respect to the junction [/ggic(x)] is collected using an
SR570 current amplifier while the device is held at zero

024047-7



Taghipour et al.

PHYS. REV. APPLIED 11, 024047 (2019)

Hole-Barrier

Absorber

Collector contact ~
fes)
w
—
@)

Collector contact

0 1 2 3 4 5
Distance (um)

FIG. 6. Top: the structure of the InAs/GaSb nBp T2SL and the
generated electron-hole volume in the absorber region due to the
e-beam impingement on the sample. Bottom: scanning electron
microscopy (SEM) and EBIC images of the cross section of the
device under test at an e-beam energy of 20 keV and 7 = 80 K.

bias. Figure 6 (top) illustrates the geometry of the sample
in the EBIC setup, including the generation volume due to
the e-beam incidence on the absorber region of the sample.
Figure 6 (bottom) shows the cross-section SEM and EBIC
images from the side wall of the device for 80 K.

Due to the high energy of the electrons in the beam, a
single high-energy electron incident on the semiconduc-
tor generates a sufficient current. Therefore, careful design
of the experiment and measurement setup is required to
consider the effect of the excitation level on the trans-
port. Moreover, one should note the effect of the surface
in the analysis of the EBIC data. The cleaved surface
at the top, where the beam impinges on the sample,
and the absorber—bottom contact interface (back surface)
can contribute to the surface recombination. The surface-
recombination velocity acts as a sink for the generated
carriers at these surfaces and its effect, in addition to the
influence of various external perturbations (e.g., temper-
ature) has to be taken into consideration in the analysis
of the EBIC results. For this purpose, we investigate the
dependence of EBIC on the surface recombination, by
studying EBIC at varying e-beam energies and currents at
temperatures ranging from 80 to 150 K. Figure 7 shows the
resultant line-scan profile /ggic(x) obtained for three rep-
resentative temperatures for beam currents of 1.5, 3.5, 8.5,
and 35 pA, denoted as 10%, 20%, 30%, and 40% of the
filament current in the SEM, for a beam energy of 20 keV
[Figs. 7(a)-7(c)] and for e-beam energies of 10, 15, and

20 keV for a beam current of 35 pA [Figs. 7(d)-7(f)]. The
e-beam current incident on the sample is measured using a
Faraday cup.

As can be seen, the collected EBIC signal first rises
steeply as the beam moves toward the depletion region
and reaches its maximum in the depletion region due to
the built-in field, then decays slowly as the e-beam moves
further toward the substrate. The roll-offs on either side
of the depletion region are relative to the diffusion and
recombination characteristics of the minority carriers in
each region. We find the n region to be wholly depleted
and the depletion region to be extended to the p region
(absorber layer), changing with the temperature and the
e-beam energies.

We note in Figs. 7(a)-7(c), that with increasing tem-
perature, the EBIC signal decays more slowly. Also, as
the e-beam current increases at a fixed temperature, the
EBIC signal rises and the falling edge associated with the
absorber region becomes steeper. This observation is due
to the characteristic of the surface at the top. Unlike bulk
recombination, surface recombination depends not only on
the density of surface states or interface traps but also on
the charge state of surface states, i.e., depletion or accu-
mulation [23]. We believe that the cleaved side wall of
the device exposes the narrow-band-gap absorber region
to oxide formation and hence acts as an attracting poten-
tial for the generated excess carriers. By increasing the
injection current, the enhanced density of excess carriers
results in the saturation of the surface states; hence, the
surface-induced attractive potential for minority carriers
vanishes and the surface recombination diminishes and,
consequently, the signal due to the diffusion of the car-
riers rises. In contrast, the interface of the absorber and
the bottom contact (back surface) is accompanied by a low
surface-recombination velocity in the case of our structure,
due to the higher-doped bottom contact with respect to the
absorber. The band offset at this interface builds a repul-
sive potential to minority carriers, which inhibits further
recombination.

To shed more light on the surface-recombination cur-
rent, we also investigate the effect of the beam energy
in the SEM. At higher e-beam energies, minority carri-
ers are generated more deeply and, hence, are less likely
to diffuse to the surface and recombine there. While at
lower e-beam energies, the collection process is controlled
by the collection probability at the surface of the sample
and the surface-recombination velocity influences the cur-
rent profile. As can be seen in Fig. 7(d)-7(f), higher beam
energies give not only broader carrier generation distribu-
tion but also significantly higher carrier concentrations, so
more carriers are collected and, consequently, the signal
increases.

Here, we report the minority-carrier diffusion length for
the electron current of 40% (35 pA), for which surface
recombination is negligible, and the beam energies of 10,
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FIG. 7.
current, denoted as the percentage of the total filament current in the SEM, for a 20 keV beam energy and (bottom) a varying beam

energy in kilo electron volts at a beam current of 35 pA. The EBIC intensities are normalized by the signal peak maximum at the
highest current (top) and accelerating voltage (bottom). The 7, p, and depleted regions associated with each part of the EBIC signal

are shown in (a) and (b).

15, and 20 keV. In the following, we briefly explain the
semiparametric model used to extract the diffusion length

from the EBIC data.

B. The theoretical model

Various models have been reported previously to pro-
vide an acceptable first-order prediction of EBIC data
[34-36]. Here, we use the model proposed by Bonard
and Ganiére [34]. This model, which will be referred to
as Bonard’s model in this paper, can be considered as
the generalized form of an earlier model by Donolato
[35]. Bonard’s model accounts for the contribution of all
three regions of a p-n junction—i.e., the n-type region, the
depletion region, and the p-type region—in the EBIC sig-
nal, while considering the surface recombination at the top
surface, for the case of the extended source.

We fit the experimental EBIC data to analytical expres-
sions for the carrier collection efficiency to extract the
vertical minority-carrier diffusion length, with the diffu-
sion length (L.) and the ratio of the surface-recombination
velocity to the diffusion coefficient (S./D.) as fit-
ting parameters. The charge-collection efficiency n(x) is
Igpic(x), normalized to the total number of generated

electron-hole pairs Gy. Then n(x) can be calculated from
the convolution of two terms: the probability of collection
¢ (x,z), defined as the likelihood of a carrier being col-
lected and contributing to the EBIC current after diffusion,
and the generation function A(x, z) as [34]

+00 +00
n(x) =/ dx// h(x' —x,2) oK', 2)d.  (21)
—00 0

The translational symmetry along the y direction (specified
in Fig. 4) reduces the problem to a 2D configuration. Hence
the integral is calculated over the generation volume on the

x-z plane.
The spatial distribution of the minority carriers can be

defined as [34]

1 x? ) z
h(x,z):;exp — z° exp - dxdz, (22)

X z

where o, is the lateral electron range and o, is the depth
electron range, these being dependent on the material and
the beam parameters. The accuracy of the model is highly
dependent on the calculated generation distribution, so
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FIG. 8. Extracted minority-carrier diffusion lengths (L) for a
InAs/GaSb nBp MWIR sample as a function of the tempera-
ture. The minority-carrier diffusion lengths are extracted from
the EBIC line-scan profiles for e-beam energies of 10, 15, and
20 keV and an e-beam current of 35 pA.

more realistic models such as the Monte Carlo SEM inter-
action simulator Casino [37] are usually used to calculate
the spatial distribution of generated electron-hole carriers
in the material. The normalized distribution of the electron-
hole pairs from Monte Carlo simulation is then used to
extract o, and o, by fitting the numerical results to Eq.
(21), as a function of the beam spot size and the beam
energy [38]. Finally, the obtained generation function is
used along the calculated ¢ (x,z) for each region of the
photodiode, as described previously [11].

We repeat our measurements several times for each
e-beam current and energy and extract the L, using the
aforementioned model. Caution should be exercised in
fitting theoretical curves to the experimental data, since
equally good agreement can often be obtained for several
combinations of material parameters. The results of L, for
variable e-beam current values at the beam energies of 10,
15, and 20 keV are presented in Fig. 8.

V. DISCUSSION

Figure 8 shows the extracted minority-carrier diffusion
length for three e-beam energies of 10, 15, and 20 keV at
a beam current of 35.5 pA. The results for £, = 15 and 20
keV show similar trends with the temperature, while the
10 keV data are different and show higher values for L..
As mentioned above, the e-beam energy defines the depth
of the generation volume in EBIC and minority carriers

generated closer to the surface at lower £}, are more likely
to contribute to the surface current rather than diffuse and
be collected through the depletion region. From this per-
spective, we believe that the behavior at 10 keV is due to
the surface effect.

On the other hand, we see that the values for the dif-
fusion length at 15 and 20 keV are very low and have a
low-temperature dependency up to 140 K, after which they
increase. For the temperature range of 80—140 K, the dif-
fusion length is found to be about 1.5 um for an absorber
thickness of 4 um. It should be noted that based on the
EBIC data in this temperature range, the depleted region is
extended by about 0.7 wm into the absorber, which makes
the required travel distance less for the carrier. This might
explain the high quantum efficiency reported previously on
the same structure [16].

Now that we have the minority diffusion length and the
lifetime at each temperature, p. is calculated at various
operating temperatures using Eq. (1). Figure 9 shows the
results of the minority-carrier mobility against the tem-
perature for the three e-beam energies. Since the lifetime
is found to have a minor dependency in the range of
80150 K, the general trend of w. follows the pattern of
the extracted L., which is fairly independent of the tem-
perature up to 140 K, for e-beam energies of 15 and 20
keV, and increases linearly beyond that.

In order to understand the observed mobility trend,
one needs to consider different limiting factors. In the

T T T L | T T T T

~

-

—
)
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FIG. 9. The vertical electron mobility for a InAs/GaSb nBp
MWIR sample as a function of the temperature for e-beam ener-
gies of 10, 15, and 20 keV, obtained using the extracted diffusion
length and the minority-carrier lifetime from EBIC and TMR
measurements, respectively.
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semiclassical study of transport in superlattices, disor-
ders such as structural and phonon-induced disorders are
responsible for destroying the long-range coherence of
the electron states and, as a result, lead to localization
through different scattering mechanisms, such as phonon-
induced scattering, ionized impurity scattering, and inter-
face roughness scattering (IRS). However, none of these
scattering mechanisms can be accountable for the observed
trend in the electron mobility data as shown in Fig. 9.
Each of these scattering mechanisms has a different tem-
perature dependency [6]: the impurity scattering is most
effective at lower temperatures, with the mobility s hav-
ing a roughly 7%/ dependency on the temperature, while
at higher temperatures, phonon scattering dominates and
the mobility j1as is approximately 773/2. These trends are
shown in Fig. 9 for comparison. On the other hand, IRS can
happen due to growth imperfections, such as microscopic
fluctuation of the composition of constituent layers, which
can lead to the degradation of electron mobility. However,
the effect of IRS tends to increase weakly with decreasing
temperature [39].

The trend in the mobility can be explained separately
for two temperature regions of 80—140 K (region 1) and
above 140 K (region 2). For region 1, we believe that the
transport is limited by trap-assisted transport rather than
miniband conduction, due to the presence of the deep-
level states. In a perfectly periodic crystal, the charge
density spreads uniformly throughout the crystal and the
only states are those described by Bloch waves [4], while
in the presence of localized imperfections, energy states
appear within the forbidden gaps, the wave functions of
which are localized in the vicinity of the impurity. The car-
riers that are bound to the impurity are not free to move
anywhere in the crystal. The minority-electron mobility is
controlled by the extent to which they can be released from
these bound impurity states [28]. In region 2, the increase
in the mobility with the temperature can be associated
with the carriers being set free from the impurity states,
with an activation energy of 115 meV. A similar observa-
tion has been reported previously in n-type InAs/In(As,Sb)
T2SL structures [40], in which the results show that above
120 K, the minority-carrier hole transport occurs through
minibands, while for lower temperatures, the holes are
localized and transport is only due to phonon-assisted
tunneling.

VI. CONCLUSION

In summary, we study the vertical minority-electron
transport properties in nBp MWIR detectors with p-type
InAs/GaSb absorbers. In order to investigate the trans-
port, the temperature-dependent EBIC measurements are
combined with microwave reflectance measurements of
minority-carrier lifetimes in the same device, to determine

the vertical electron mobilities from 80 to 150 K. The cal-
culated electron mobility shows two distinct regions. At
lower temperatures, the mobility has a weak temperature
dependence and its behavior is attributed to carrier local-
ization in deep-level traps. The second region, at higher
temperatures, shows an increase with temperature, from
which the activation energy of 115 meV is extracted. In
addition, we investigate the various recombination mecha-
nisms and determine the limiting mechanisms as a function
of the temperature and the excess density. The results show
that the lifetime has a minimal temperature dependence
and is SRH limited for 80—150 K, while Auger recombina-
tion is dominant above 150 K. Furthermore, the effects of
different parameters in the EBIC measurements are inves-
tigated. The results indicate that the contribution of the
surface current on the transport is minimized at higher
e-beam energies and currents.
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